Tumor necrosis factor-related apoptosis-inducing ligand or Apo 2 ligand (TRAIL/Apo2L) is a member of the tumor necrosis factor (TNF) family of ligands capable of initiating apoptosis through engagement of its death receptors. TRAIL selectively induces apoptosis of a variety of tumor cells and transformed cells, but not most normal cells, and therefore has garnered intense interest as a promising agent for cancer therapy. TRAIL is expressed on different cells of the immune system and plays a role in both T-cell-and natural killer cell-mediated tumor surveillance and suppression of suppressing tumor metastasis. Some mismatch-repair-deficient tumors evade TRAIL-induced apoptosis and acquire TRAIL resistance through different mechanisms. Death receptors, members of the TNF receptor family, signal apoptosis independently of the p53 tumor-suppressor gene. TRAIL treatment in combination with chemo-or radiotherapy enhances TRAIL sensitivity or reverses TRAIL resistance by regulating the downstream effectors. Efforts to identify agents that activate death receptors or block specific effectors may improve therapeutic design. In this review, we summarize recent insights into the apoptosis-signaling pathways stimulated by TRAIL, present our current understanding of the physiological role of this ligand and the potential of its application for cancer therapy and prevention. Oncogene (2003 Oncogene ( ) 22, 8628-8633. doi:10.1038 Keywords: tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL); tumor necrosis factor receptor family; p53; apoptosis; cancer therapy
TRAIL and its receptors
TRAIL is a type II transmembrane protein that was initially identified and cloned based on the sequence homology of its extracellular domain with CD95L (28% identical) and TNF (23% identical) (Wiley et al., 1995) ; however, its extracellular carboxy-terminal portion can be proteolytically cleaved from the cell surface in a vesicle-associated or in a soluble form (Mariani and Krammer, 1998; Monleon et al., 2001) . Like most other TNF family members, TRAIL forms homotrimers that bind three receptor molecules, each at the interface between two of its subunits (Hymowitz et al., 1999; Mongkolsapaya et al., 1999) . A Zn atom bound by cysteines in the trimeric ligand is essential for trimer stability and optimal biological activity (Bodmer et al., 2000) . Functional studies showed that this ligand has a potent ability to trigger apoptosis in a variety of tumor cell lines, but not most normal cells, highlighting its potential therapeutic application in cancer treatment Walczak et al., 1999; Jo et al., 2000; Schmaltz et al., 2002; Seki et al., 2003) . In contrast to other TNF family members, whose expressions are tightly regulated and are often only transiently expressed on activated cells, TRAIL mRNA is constitutively expressed in a wild range of tissues (Wiley et al., 1995) . Although the main biological function of TRAIL seems to be the induction of apoptosis, the complete physiological role of this ligand is not yet fully understood. It appears likely that TRAIL expression on liver NK cells is regulated by IFN-g secreted from NK cells in an autocrine manner, since a large portion of NK cells constitutively produce both TRAIL and IFN-g in wild-type and T-cell-deficient mice (Takeda et al., 2001) . Mouse gene knockout studies indicate that TRAIL has an important role in antitumor surveillance by immune cells (Cretney et al., 2002; Smyth et al., 2003) , and mediates thymocyte apoptosis and is important in the induction of autoimmune diseases (Lamhamedi-Cherradi et al., 2003) .
TRAIL induces apoptosis through interacting with its receptors (Ivanov et al., 2003; LeBlanc and Ashkenazi, 2003; Ozoren and El-Deiry, 2003) . So far, four homologous human receptors for TRAIL have been identified (Figure 1 ), including DR4 (Pan et al., 1997a) , KILLER/ DR5 (Pan et al., 1997b; Sheridan et al., 1997; Walczak et al., 1997; Wu et al., 1997) , TRID/DcR1/TRAIL-R3 Pan et al., 1997b; Sheridan et al., 1997) , and TRAIL-R4/DcR2 (Degli-Esposti et al., 1997; Marsters et al., 1997) , as well as a fifth soluble receptor called osteoprotegerin (OPG), which was identified initially as a receptor for RANKL/OPGL and was shown later to bind TRAIL (Emery et al., 1998) . Both the death receptors DR4 and DR5 contain a conserved death domain (DD) motif and signal apoptosis. The other three receptors appear to act as 'decoys' for their ability to inhibit TRAIL-induced apoptosis when overexpressed. Decoy receptor 1 (DcR1) and DcR2 have close homology to the extracellular domains of DR4 and DR5. DcR2 has a truncated, nonfunctional cytoplasmic DD, while DcR1 lacks a cytosolic region and is anchored to the plasma membrane through a glycophospholipid moiety. The physiological relevance of OPG as a receptor for TRAIL is unclear, however, because the affinity for this ligand at physiological temperatures is very low (Truneh et al., 2000) . A recent study suggests that cancer-derived OPG may be an important survival factor in hormone-resistant prostate cancer cells and there is a negative correlation between the levels of OPG and the capacity of TRAIL to induce apoptosis in prostate cancer cells that endogenously produced a high level of OPG (Holen et al., 2002) .
Trail-induced apoptosis signaling
Two main signaling pathways have been delineated to initiate the apoptotic suicide program in mammalian cells, the intrinsic and extrinsic pathways (Ashkenazi A, 2002) . The cell extrinsic pathway is initiated by members of the TNF superfamily. TRAIL has been shown to induce apoptosis through binding its respective receptors, DR4 and DR5. Ligation of TRAIL to its receptor results in trimerization of the receptor and clustering of the receptor's intracellular DD, leading to the formation of the death-inducing signaling complex (DISC). Trimerization of the DDs leads to the recruitment of an adaptor molecule, FADD, and subsequent binding and activation of caspase-8 and -10. Activated caspase-8 and -10 then cleave caspase-3, which in turn leads to cleavage of the death substrates ( Figure 2 ). The cell intrinsic pathway triggers apoptosis in response to DNA damage, cell cycle checkpoint defects, mitotic catastroph hypoxia, loss of survival factors or other types of severe cell stresses. The pathway involves the activation of the proapoptotic arm of the Bcl-2 gene superfamily, which in turn engages the mitochondria to cause the release of apoptogenic factors such as cytochrome c and SMAC/DIABLO into the cytosol (Adams and Cory, 1998; Green, 2000; Hunt and Evan, 2001 ). In the cytosol, cytochrome c binds the adaptor APAF-1, forming an 'apoptosome' that activates the apoptosis-initiating protease caspase-9. In turn, caspase-9 activates 'executioner' protease caspase-3, -6, and -7. SMAC/DIABLO promotes apoptosis by binding to inhibitor of apoptosis (IAP) proteins and preventing these factors from attenuating caspase activation (Du et al., 2000; Verhagen et al., 2000) (Figure 2 ). The intrinsic and extrinsic apoptosis signaling pathways communicate with each other. Caspase-8 has been shown to cleave the proapoptotic Bcl-2 family member Bid. The cleavage of Bid by caspase-8 and the translocation of truncated Bid to the mitochondria to promote cytochrome c release through interaction with Bax and Bak provide a plausible mechanistic link between the extrinsic and intrinsic pathways (Green, 2000) . This apparently amplifies the apoptotic signal following death receptor activation, and different cell types may be more reliant on this amplification pathway than others (Fulda et (Figure 2) . Previous studies in cell lines and in vivo have demonstrated the existence of type I and type II cell lines in response to FasL (Scaffidi et al., 1998) or TRAIL (Ozoren et al., 2000; Burns and El-Deiry, 2001; Ozoren and El-Deiry, 2002) .
TRAIL sensitivity and resistance
When compared with nontransformed cells, cancer cells are more sensitive to TRAIL-induced apoptosis following exposure to TRAIL treatment. Selective sensitization of tumor cells to TRAIL-induced apoptosis can often be attributed to greater expression of the TRAIL receptor (Zhang et al., 1999) . However, when death receptors for TRAIL were identified, it was found that the mRNA expression of the receptors was also widely distributed in both normal and malignant tissues (Chaudhary et al., 1997) . The discovery of two decoy receptors that could bind TRAIL, but that were unable to induce apoptosis, seemed to explain the paradox. Again, it was assumed that normal cells would express decoy receptors, but cancer cells would not (Gura, 1997) . It is not fully clear how widespread is the decoy receptor surface expression in cancer or normal cells, or how these receptors modulate TRAIL sensitivity Kim et al., 2000) .
The lack of caspase-8 and -10 expression in a large subset of neuroblastoma (NB) cell lines provides an explanation for the findings that these cell lines are resistant to TRAIL-mediated apoptosis (Eggert et al., 2001) (Figure 3) . However, loss of caspase-8 and/or -10 expression might not be the sole factor responsible for conferring resistance to TRAIL-induced apoptosis in NB cells. Regulation of the TRAIL system in NB is most likely also conferred by multiple agonistic and inhibitory receptors, a complex intracellular signaling mechanism involving a number of signaling adaptors and activation of inhibitory molecules (Eggert et al., 2001) .
The cellular FLICE-inhibitory proteins (c-FLIPs) have sequence homology to caspase-8 and -10, but lack protease activity (Tschopp et al., 1998) . Therefore, the recruitment of FLIP to the DISC in place of caspase-8 or -10 blocks their activation and consequently confers TRAIL resistance (Figure 3 ). The function of FLIP is, however, not entirely clear. Burns and El-Deiry (2001) found that only the short form of the c-FLIP could confer TRAIL resistance to a sensitive colon carcinoma cell line. It has been shown that degradation of FLIP apparently sensitizes tumor cells to TRAIL-induced apoptosis (Kim et al., 2002) , and others have found a correlation between FLIP levels and TRAIL resistance (Griffith et al., 1998; Kim et al., 2000) . However, recent experiments suggest that FLIP can actually promote caspase-8 activation in response to Fas engagement (Chang et al., 2002) . Therefore, it is still ambiguous whether FLIP is closely related to the level of apoptosis that is induced by TRAIL.
The proapoptotic Bcl-2 family member Bax is a frequent target for mutation in a subset of mismatchrepair (MMR)-deficient human tumors. It has been found that Bax is required for TRAIL-induced apoptosis of certain cancer cell lines, possibly by allowing the release of second mitochondria-derived activator of caspases (Smac)/direct IAP-binding family protein with low pH (DIABLO) and antagonizing the IAP protein family (Deng et al., 2002) (Figures 2, 3) . Bax inactivation in MMR-deficient tumors can cause resistance to TRAIL and apoptosis induction S Wang and WS El-Deiry TRAIL (Burns and El-Deiry, 2001; LeBlanc et al., 2002) , and reintroduction of Bax into Bax-deficient cells restored TRAIL sensitivity (Deng et al., 2002) . Recent studies have indicated that sequential combination of TRAIL with chemotherapy could overcome the TRAIL resistance (LeBlanc et al., 2002) . However, the mechanisms of reversal TRAIL resistance remain unclear. Wang and El-Deiry found that the tumor suppressor p53 was required for sensitizing the Bax-deficient tumors to TRAIL by chemotherapy, and the p53 downstream transcriptional target gene DR5 contributes significantly to TRAIL sensitization, whereas Bak plays a minor role. These studies elucidate a mechanism for restoration of TRAIL sensitivity in MMR-deficient Bax À/À human cancers through p53-dependent activation of DR5 and reconstitution of a type I death pathway (Wang and ElDeiry, in press ).
There are several other factors that might modulate the sensitivity of the cells to TRAIL. More recent works have identified interleukine 8 as an inhibitor for TRAILinduced apoptosis in the ovarian carcinoma cell line OVCAR3 (Abdollahi et al., 2003) . NF-kB induces upregulation of FLIP, Bcl-X L , and XIAP, and may exert protection against cell death through these molecules. In contrast, specific downregulation of NFkB by inactivation of I-kB kinase significantly sensitizes the cells to TRAIL (Ravi and Bedi, 2002) . It has been reported that protein kinase C (PKC) activation specifically inhibits the recruitment of key obligatory DD-containing adaptor proteins to their respective membrane-associated signaling complexes, thereby modulating TRAIL-induced apoptosis (Harper et al., 2003) and mitogen-activated protein kinase (MAPK) (Frese et al., 2003) , and Akt (Thakkar et al., 2001 ) have also been found to affect the TRAIL sensitivity.
TRAIL and its potential for cancer therapy
The soluble recombinant TRAIL is of interest for cancer therapy for a number of reasons. There are few agents that are truly cancer cell-specific in terms of efficacy or cell death induction. TRAIL is a rare example of such molecules that kill many transformed cells but not most normal cells (Ashkenazi and Dixit, 1998) . Importantly, administration of soluble recombinant TRAIL in experimental animals, including mice and primates, induces significant tumor regression without systemic toxicity Walczak et al., 1999) . Apoptosis induction in response to most DNA-damaging drugs usually requires the function of the tumor suppressor p53, which engages primarily the intrinsic apoptotic-signaling pathway (Figure 3) . However, in most human cancers, tumor progression as well as conventional treatments eventually select for tumor cells in which p53 is inactivated, resulting in resistance to therapy. TRAIL induces apoptosis in a variety of cancer cell lines regardless of p53 status, and therefore it might be a useful therapeutic strategy, particularly in cells in which the p53-response pathway has been inactivated, thus helping to circumvent resistance to chemo-and radiotherapy. Although one of the attractive features of TRAIL is its ability to kill cancers with mutations in the p53 gene, the combination of TRAIL with chemotherapeutic agents has been found to be particularly effective in killing cancers with wild-type p53, presumably through induction of DR5 expression (Nagane et al., 2001; Wang and El-Deiry, in press) (Figure 3 ). In addition, Bax mutation in MMR-deficient tumors can cause resistance to TRAIL therapy, but pre-exposure to chemotherapy rescues the tumor sensitivity (LeBlanc et al., 2002; Wang and El-Deiry, in press ). In vitro, prior exposure of Bax-deficient cells to topoisomerase inhibitors including CPT-11 and etoposide restores TRAIL sensitivity, mainly by upregulating DR5 (Wang and ElDeiry, in press ). Thus, targeting of DR5 in cancer cells might be a useful therapeutic strategy. In tumors that retain some responsiveness to conventional therapy or radiation, upregulation of DR5 might lead to synergistic apoptosis activation as well as reduce the probability that tumor cells will become resistant to treatment. In tumors that have lost p53 function, DR5 targeting might therefore help circumvent resistance to chemotherapy and radiotherapy. Agents so far available to upregulate DR5 expression are largely those that activate p53. Efforts to identify agents that upregulate DR5 independently of p53 may be useful in TRAIL-based cancer therapies, especially for killing the tumor cells that are resistant to conventional therapies. Recent progress in molecular imaging such as bioluminescence imaging is beginning to accelerate the pace of drug development. The identification of small molecules that are involved in the regulation of DR5 by large-scale screening of chemical libraries using bioluminescence imaging might be a useful strategy to discover and test agents that could lead to synergistic apoptosis activation.
Enhancement of the mitochondrial pathways to apoptosis offers more immediate ways of increasing sensitivity to TRAIL. Antisense molecules to Bcl 2 are now in phase III clinical trials. Preclinical studies demonstrated that the antisense Bcl 2 oligonucleotide alone was superior to standard chemotherapy for Merkel cell carcinoma and enhanced apoptosis in other tumor models when used in combination with chemotherapy (Jansen et al., 1998; Banerjee, 2001) . Another approach to enhance the mitochondrial death pathway is to increase the expression of APAF-1, which can be achieved by the demethylating agent 5-aza-2-deoxycytidine (Soengas et al., 2001) . Since XIAP blocks apoptosis at the effector phase, a point where multiple signaling pathways converge, strategies targeting XIAP may prove effective to overcome resistance. Actinomycin D has been shown to downregulate a number of proteins that are known to inhibit apoptosis. XIAP seems to be particularly sensitive to pretreatment with actinomycin D , and might provide one explanation for its ability to sensitize melanoma cells to TRAIL-induced apoptosis . Smac was identified as a protein that is released from mitochondria in response to apoptotic stimuli, and it has been reported that Smac agonists sensitize TRAIL-induced apoptosis and induce the regression of malignant glioma in vivo (Fulda et al., 2002) .
Agents that inhibit the activation of NFkB have been the focus of much attention as anticancer agents. Proteasome inhibitors such as PS341, which prevent degradation of IkBa and other proteins such as p53, are in clinical trials (Teicher et al., 1999) . More recently, the proteasome inhibitor PS-341 has been found to overcome TRAIL resistance in Bax and caspase-9-negative or Bcl-X L -overexpressing cells. PS-341 treatment elevates the levels of TRAIL receptors DR4 and DR5, and this increase in receptor protein levels is associated with the ubiquitination of the DR5 protein, therefore sensitizing resistant prostate, colon, and bladder cancer cells to TRAIL-induced apoptosis (Johnson et al., 2003) . Some compounds such as CP31398 (Foster et al., 1999; Takimoto et al., 2002; and Prima1 (Bykov et al., 2002) have been reported to cause cell death of tumors that carry mutated p53 and are able to restore a wild-type epitope in mutated p53. CP31398 appears to alter p53 selectivity towards death receptor induction, and this may be of interest for strategies combining this agent with death ligands such as TRAIL (Takimoto et al., 2002; .
Besides using the recombinant ligand, several gene therapy approaches are currently being developed to target tumor cells specifically. A TRAIL-expressing adenoviral vector has been recently shown to cause direct tumor cell killing, as well as a potent bystander effect through presentation of TRAIL by transduced normal cells (Lee et al., 2002 ). An adenoviral vector expressing the GFP/TRAIL fusion gene from the hTERT promoter elicited high levels of transgene expression and apoptosis in a variety of breast cancer cell lines. Furthermore, treatment with Ad/gTRAIL effectively induced apoptosis in malignant cells but not in normal human primary hepatocytes in vitro, suppressed tumor growth and prolonged duration of survival in vivo . Although these are promising therapies, they largely depend on the efficient infection of the tumor and avoidance of immune clearance to be effective. Therefore, the current generation of adenoviral vectors appears to be limited to local therapy (McCormick, 2001; Armeanu et al., 2003) .
Conclusions and perspective
TRAIL is a potent inducer of apoptosis that acts through a complicated receptor system. Much has been learned about the endogenous biochemical pathways leading to TRAIL-induced apoptosis in cancer cells. This ligand appears to play an important role in immune surveillance by cells of the innate immune system against viral infection and malignant transformation. Owing to the selectivity of the soluble recombinant TRAIL towards transformed cells but not most normal cells, this ligand remains promising as a potential cancer therapeutic agent. Defining the context in which TRAIL may eliminate or spare normal tissues and why normal cells are generally resistant to TRAIL is also of great importance when considering manipulating the TRAIL pathway in novel cancer therapy. Efforts to identify agents that target death receptors directly or which confer synergy with TRAIL may be useful for cancer therapy.
